The partitioning of carbon for growth, storage and constitutive chemical defenses is widely framed in terms of a hypothetical sink-source differential that varies with nutrient supply. According to this framework, phenolics accrual is passive and occurs in source leaves when normal sink growth is not sustainable due to a nutrient limitation. In assessing this framework, we present gene and metabolite evidence that condensed tannin (CT) accrual is strongest in sink leaves and sequesters carbon in a way that impinges upon foliar sink strength and upon phenolic glycoside (PG) accrual in Populus. The work was based on two Populus fremontii × angustifolia backcross lines with contrasting rates of CT accrual and growth, and equally large foliar PG reserves. However, foliar PG accrual was developmentally delayed in the high-CT, slow-growth line (SG), and nitrogenlimitation led to increased foliar PG accrual only in the low-CT, fast-growth line (FG). Metabolite profiling of developing leaves indicated comparatively carbon-limited amino acid metabolism, depletion of several Krebs cycle intermediates and reduced organ sink strength in SG. Gene profiling indicated that CT synthesis decreased as leaves expanded and PGs increased. A most striking finding was that the nitrogenous monoamine phenylethylamine accumulated only in leaves of SG plants. The potential negative impact of CT hyper-accumulation on foliar sink strength, as well as a mechanism for phenylethylamine involvement in CT polymerization in Populus are discussed. Starch accrual in source leaves and CT accrual in sink leaves of SG may both contribute to the maintenance of a slow-growth phenotype suited to survival in nutrient-poor habitats.
Introduction
Trees typically partition a large fraction of their non-structural carbon (C) into constitutive phenylpropanoid pools that have defining roles in defense, stress tolerance, ecosystem structure and C sequestration. Condensed tannins (CTs) and phenolic glycosides (PGs) comprise the two largest of those pools in Populus, and the dependence of ecosystem dynamics and structure on foliar CT and PG composition in Populus (as well as Salix)-dominated habitats has been thoroughly investigated (Lindroth et al. 1993 , Osier and Lindroth 2001 , Schweitzer et al. 2008 , Kosonen et al. 2012 . Phenolic glycosides accumulate not only in leaves, but also in twigs and bark where they have been found to deter winter browsers (Clausen et al. 2010) . Foliar PGs are strong insect-feeding deterrents as well, and certain PGs may also contribute as substrates in polyphenol oxidase-based defenses of poplars (Lindroth et al. 1993 , Haruta et al. 2001 . The ecological significance of CTs is also undisputed, as CTs are generally acknowledged to be anti-digestants in mammals, and they contribute to fungal disease resistance as well as nutrient cycling (Ayres et al. 1997 , Kraus et al. 2004 , Schweitzer et al. 2008 , Holeski et al. 2009 ).
Phenolic glycosides are derived from benzenoid and phenylpropanoid precursors, which are glycosylated at metabolic cost to competing pathways (Payyavula et al. 2009 , Babst et al. 2010 . Evidence for PG turnover has been reported, but the rate of turnover may be low, and the costs, minor (Kleiner et al. 1999, Ruuhola and Julkunen-Tiitto 2000) . The energetic costs of CT biosynthesis are on par with those of protein synthesis, but turnover of CTs in metabolically active tissues is thought to be insignificant (Kandil et al. 2004) . Despite low turnover, there is wide seasonal, ontogenetic and inducible variation in CT-PG pool size and composition among Populus spp. that reflects both environmental plasticity and genetic canalization of C flow into those sinks (Holeski et al. 2012 and references therein). The sensitivity of CT accrual to a UV-inducible MYB transcription factor (MYB134), and a negative effect of MYB134-enhanced CT accumulation on PG accrual suggest an important molecular basis for some of the CT-PG compositional dynamics observed in Populus (Mellway et al. 2009 ). MYB134 controls late pathway steps of CT biosynthesis, but the entry of C and nitrogen (N) into the phenylpropanoid pathway depends on nitrate and sugar sensing and signaling, and on levels and ratios of labile C and N pools (Matt et al. 2002 , Fritz et al. 2006 . Enhanced phenylpropanoid accrual as a passive outcome of reduced nutrient availability, in environments where N, but not light, is commonly limiting, underlies the growth-differentiation-balance (GDB) and carbon-nutrient-balance (CNB) hypotheses of resource utilization for chemical defenses and growth (Bryant et al. 1983, Herms and Mattson 1992) . These theoretical frameworks rest on the assumption that phenylpropanoid accrual is centered in source leaves, and is a positive and passive outcome of reduced demand for photosynthates by sink organs due to nutrient limitation. Similar assumptions have long been used to explain starch accrual in source leaves, but the notion that starch accumulation merely reflects the balance between sink demand and source supply has received scrutiny (Smith and Stitt 2007, Wiley and Helliker 2012) . As a result, starch accrual in tree species is posited to reflect not only efficient use of photosynthates, but also inherent differences in growth strategy in accordance with habitat constraints (Wiley and Helliker 2012) .
In a greenhouse study of several closely related Populus fremontii × angustifolia hybrids, the lines with high foliar CT concentrations clustered separately from other lines based on their metabolic profiles, which suggested differences in how CT or PG accrual interface with central metabolism (Harding et al. 2005) . In a subsequent whole-plant comparison of the two phytochemically most divergent hybrid lines, N delivery from nearby (proximate) stem internodes to expanding leaves appeared to be less efficient in the high-CT, slow-growth line (SG) than in the low-CT, fast-growth line (FG) ). We therefore sought to determine whether CT hyper-accrual in SG leaves was a passive outcome of within-plant N distribution that led to high C/N ratios in expanding SG leaves, and eventually led to the sequestration of excess C into CT (Hypothesis 1), or whether foliar CT hyper-accrual is a canalized trait that autonomously impacts N and C utilization, weakens sink strength in the case of developing SG leaves and thereby affects within-plant N distribution (Hypothesis 2). Our findings support Hypothesis 2 in which constitutive CT accrual in sink and sink-source transitional leaves of SG was sufficient to compromise N use and, thereby, sink strength. Transcriptomic data supported the notion that the observed CT effects would diminish as leaves expanded. SG stem internodes did not accumulate high levels of CT, and appeared to be more robust C and N sinks than FG stem internodes. A novel metabolic scenario is advanced that accommodates the monoamine phenylethylamine (PEA) as a comediator of CT sink strength in expanding leaves of Populus.
Materials and methods

Plant materials
Backcross lines of the naturally hybridizing Fremont cottonwood (P. fremontii S. Watson) and narrowleaf cottonwood (P. angustifolia James), their vegetative propagation and greenhouse growth conditions prior to experimental manipulation were as described by Harding et al. (2005 Harding et al. ( , 2009 . Acclimated SG (clone 3200) and FG (clone 1979) cuttings were maintained in separate pots of perlite topped with gravel in ebb-and-flow hydroponic tubs irrigated with nutrient solution formulated for temperate tree species (Murray et al. 1996) , and modified for Populus (Wait et al. 1996) . Nutrient solution was replaced weekly, but the N was supplied daily, at a rate of 0.36 mmol l −1 (2.5 mmol l −1 week −1 ) with a molar ratio of nitrate-N to ammonium-N of 4 : 1. Tubs were positioned 3.2 m below a bank of 1000 W, with metal halide lamps providing supplemental lighting of 600 µmol m −2 s −1 at plant tops. A photoperiod of 16 h was maintained. Daytime temperatures in the greenhouse ranged between 25 °C and 32 °C, and the night-time temperature was 22 °C. Humidity was not controlled. Where indicated, metabolite data were collected from leaves of a suite of six P. fremontii × angustifolia backcross lines, including SG and FG, which was maintained in a common garden adjacent to the greenhouse. Expanding leaves from primary shoots of the common garden plants were freeze-dried for the analysis.
basal nutrient solution treated either with low-N (N−) at 0.125 mmol N l −1 week −1 (two tubs), or high-N (N+) at 2.5 mmol l −1 week −1 (two tubs). Seven FG and eight SG plants for each N-level were harvested 4 weeks later, in the manner described in Harding et al. (2009) . Tissues were snap-frozen in liquid N, and stored at −80 °C until powdering under liquid N (LPI-2 and LPI-5) for RNA analysis or whole-tissue freeze-drying (48 h) for metabolite analysis.
Chemical analysis
Freeze-dried leaf samples were ground through a Wiley mill to pass a 40-mesh sieve. Nitrogen, starch and PG concentrations were determined according to Lindroth et al. (1993) as previously described ). Condensed tannins were assayed using a modified butanol-HCl method (Porter et al. 1986 ), using CTs purified from P. angustifolia via adsorption chromatography as the standard. Starch levels were determined via the dinitrosalicylic acid method as modified by Lindroth et al. (2002) .
Metabolic profiling
Freeze-dried powders (10 mg) were processed and aqueousmethanol extracts analysed using gas chromatography-mass spectrometry (GC-MS) according to Frost et al. (2012) . Lyophilized powder was extracted twice with 700 µl methanol : water : chloroform (40 : 27 : 33, v/v) containing internal standards (adonitol and 2-methoxybenzoic acid; Sigma-Aldrich, St Louis, MO, USA). The aqueous phases were pooled and evaporated to dryness (Centrivap Mobile System, Labconco, Kansas City, MO, USA). Samples were resuspended in100 µl of 40% MeOH : H 2 O with brief sonication, and then brought to 1 ml of 10% MeOH : H 2 O in the presence of ~25 mg of Advanta (Applied Separations, Allentown, PA, USA) to trap phenolic metabolites. The phenolic metabolites, including hydroxycinnamates, flavonoids and PGs, were eluted from the resin with 3 × 200 µl aliquots of acetonitrile. The non-Advanta-binding fraction was adjusted to a volume of 600 µl in 10% MeOH. Equal amounts of the two resulting fractions were analyzed by GC-MS. Ten per cent of each fraction was methoximated and silylated with N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA; Sigma-Aldrich). Derivatized samples containing retention index markers (pentadecane, eicosane, pentacosane and triacontane) were injected (1 µl of the 50 µl derivatization reaction) into an Agilent 7890A GC in a splitless mode with an inlet temperature of 250 °C. Metabolites were resolved on a DB-5MS column (30 m length, 0.25 mm diameter, with a built-in 10 m DuraGuard pre-column) at a flow rate of 1.12 ml min −1 , and average velocity of 26.86 cm s −1 . Thermal ramping initiated at 80 °C for 1 min, ramped 20 °C min −1 to 200 °C and then 10 °C min −1 to 310 °C with a 6.5 min hold at 310 °C. Metabolites were detected using an Agilent 5975C MS with a source and quadrupole mass filter temperature setting of 230 °C and 150 °C, respectively. Mass spectra were collected in the scanning ion mode (m/z 50-500) in ChemStation (Agilent Technologies, Wilmington, DE, USA) and deconvoluted using AnalyzerPro (Spectral Works, Runcom, UK).
Based on preliminary tests with authentic standard, over 95% of the extract salicortin was adsorbed to the Advanta resin. More than 90% of the bound salicortin was recovered intact using acetonitrile. Salicortin estimated in this way was used for the comparative analysis as presented in Figure 1 . Metabolites with an average spectral match confidence percentage that exceeded 85% based on the AnalyzerPro calculation (0.7X NIST forward match percentage + 0.3X NIST reverse match percentage) were included in the data analysis. Retention times and mass spectra of all metabolites described were confirmed using authentic standards. Relative peak areas of each metabolite (normalized against internal standard adonitol) were used for all statistical analyses by SigmaStat 3.1. Linear regressions were obtained using Excel. For clustering analysis, metabolite data were normalized by the Z-score method and subjected to hierarchical clustering by R using the Pearson distance metric and average linkage. Pairwise Pearson correlation coefficients were calculated for all metabolites, and significant correlations (P ≤ 0.05) were visualized in Cytoscape v2.8.2 using the 'organic' layout (Smoot et al. 2011) . Ratio data were visualized using the HeatMapperPlus tool (http://bar. utoronto.ca/ntools/cgi-bin/ntools_heatmapper_plus.cgi).
Microarray analysis
RNA was extracted from leaves using the hexadecyltrimethylammonium bromide (CTAB) method (Tsai et al. 2011a) , and DNasetreated to remove genomic DNA with the Turbo DNA-free kit (Ambion-Life Technologies, Grand Island, NY, USA). Two biological replicates per genotype were used for Affymetrix Poplar Genome Array analysis (GEO accession no. GSE14894). Complementary RNA (cRNA) labeling, array hybridization and scanning were carried out per the manufacturer's instructions at the Affymetrix Genechip Facility of the University of Toronto, Canada. Digitized data were pre-processed by MAS 5.0 (Affymetrix, Santa Clara, CA, USA), and probes (probe sets) with low-expression values (<200 in all samples and mean of all samples <500) were excluded, resulting in 14,107 probes. Because of the redundancy issue with the Affymetrix array design, e.g., some probes mapped to multiple genes and some genes were represented by multiple probes (Tsai et al. 2011b) , this group was further reduced to 10,318 non-redundant probes using custom filters that considered expression level, probe-gene sequence homology, matching orientation and specificity. One-way ANOVA implemented in the Limma package (Smyth 2005 ) was used to identify 6495 differentially expressed genes, with a P-value cutoff of 0.05, for correlation network analysis. Gene correlation networks were constructed using the WGCNA (v1.25-2) package (Langfelder and Horvath 2008) . The weighted adjacency matrix was calculated using a power of 12, and co-regulation network modules were defined by hierarchical tree clustering with the dynamic tree cut method. The eigengene value (first principal component) was calculated for each module and used to test the association with metabolite data. Differentially expressed genes shown in Figure S3 (available as Supplementary Data at Tree Physiology Online) were identified by SLIM ) with an adjusted P max of 0.05 for multiple testing corrections, and by a fold-change cutoff (≥2).
Results
Constitutive CT hyper-accrual in sink leaves may compromise the low-N induced leaf phenolics response in SG plants
The current investigation focuses on whether CT and PG both accumulate passively in SG and FG shoots (Hypothesis 1) in accordance with the tenets of GDB and CNB, or whether CT and PG accumulate autonomously with potential ramifications for C and N use depending on pathway strength (Hypothesis 2). Under N-replete (N+) conditions, CT levels were very low in all shoot organs of FG, but were high in the sink leaves of SG plants where they comprised as much as 15% of the dry mass ( Figure 1a ). Slow-growth line source leaves retained a large CT pool, although the abundance was half of what it was in sink leaves (Table 1, Figure 1a ). Phenolic glycosides exhibited the opposite pattern in sink leaves: low in SG plants but abundant in FG (Figure 1b) . Phenolic glycoside levels increased in SG leaves as they expanded, ultimately equaling the levels observed in source leaves of FG plants (Table 1) .
Leaf N content (%N) was higher in FG than in SG under N+ conditions, but internode %N was higher in SG than in FG ( Table 1 ). The 4-week N-limitation (N−) regime resulted in similar 30-40% N reductions in leaves and proximate stem internodes in both genotypes. According to GDB and CNB, the levels of phenolics such as CTs and PGs should increase in source leaves as sink growth becomes less sustainable under moderate N− stress. However, the observed response differed for each phenolic pool. Condensed tannin increased in apical and young expanding leaves of both genotypes ( Figure 1a ), but did not change significantly in source leaves of either genotype following N− treatment (Table 1) . Phenolic glycoside did not increase in leaves of SG, but did in FG where CT constituted a quantitatively minor sink. The response in SG stems contrasted with that in leaves, as manifest by the significant PG increase (Table 1) . Together, the results are consistent with a high capacity for PG accrual in SG leaves, but also a capacity by CT accrual to interfere with a GNB-predicted phenolics increase in SG leaves under N− conditions (Hypothesis 2).
Labile C was more depleted in high CT sink leaves than in high PG sink leaves
Metabolic profiling was undertaken to gain further insight as to how CT sink strength could militate against PG accrual in SG Condensed tannin sink strength 1243 Values represent mean and SD of n = 7-8 biological replicates. Statistical significance between genotypes or N treatments was determined using the two-sample t-test for parametric data, and the Mann-Whitney rank sum test for non-parametric data. Significant differences between SG and FG are shown in boldface (P ≤ 0.01) or italics (0.01 < P ≤ 0.05), whereas significant differences of N effects are indicated by asterisks (*P ≤ 0.01).
Downloaded from https://academic.oup.com/treephys/article-abstract/34/11/1240/1677590 by guest on 07 January 2019 leaves under varying N regimes. Trends of amino acids, sugars, Krebs cycle intermediates and other small, polar metabolites during leaf development or under different N regimes can be readily assessed from a heatmap depiction (Figure 2 ). Phenylpropanoid pathway precursors quinic acid, shikimic acid and Phe were less abundant in apical than in other leaves, while phenylpropanoid products (catechin, kaempferol and galangin) and hydroxycinnamates (cinnamic, p-coumaric, caffeic and isoferulic acids) that contribute to CT or PG synthesis were most abundant in apical leaves. Quinic acid was more abundant in SG than FG leaves, but the downstream metabolites, shikimic acid and Phe, which feed directly into the phenylpropanoid pathway, were more depleted in SG than FG apical leaves under both N regimes. Labile C in the form of glucose, fructose, ribose and sucrose was at comparatively low levels in SG sink (apical and expanding) leaves where CT was the predominant C destination. N− conditions that stimulated CT accrual reduced sugar levels in sink leaves, especially in SG (Figure 2 ). In the FG sink leaves where PG, but not CT, comprised a large percentage of dry mass, sugars were comparatively abundant at both N levels ( Figure 2 ). Source leaves of both genotypes accumulated similar levels of glucose and sucrose under N+, but starch was more abundant in SG (Figure 3 ). Under N−, levels of sugars and starch were sustained or increased in the source leaves (Figure 3 ), unlike the general decline of sugars in apical and sink leaves (starch was not expected to accrue in small sink leaves, and therefore was not determined). Despite the overall sustained production of non-structural carbohydrates in source leaves of both genotypes under N−, neither CT nor PG accrual increased in SG leaves. In the context of the PG increase in SG stems, the data are consistent with preferential acquisition and use of exported sugar in the developing stems rather than the developing leaves. The question remains whether SG stem internodes are simply strong sinks, or whether SG expanding leaves are weak sinks.
Network architectures revealed genotype-specific relationships between primary and secondary metabolism
We next employed a network approach to search for mechanisms by which strong CT accrual in developing SG leaves could alter C and N use, potentially at the expense of leaf sink strength and growth. Markers of primary metabolism (amino acids, sugars and Krebs cycle intermediates) that reflect C and N use along the leaf expansion gradient were of special interest as they are widely understood to relate to growth. The usefulness of the network approach depends on obtaining and exploiting metabolite variance from a reasonable sample size. For this reason, samples across the leaf developmental gradient from N+ and N− plants were pooled by genotype for Pearson correlation analysis and network construction. A broad pattern that emerged was that flavonoid and hydroxycinnamate products of phenylpropanoid metabolism formed a cluster that was negatively correlated (blue edges) with many primary metabolites in both genotypes (Figure 4a and b) . Krebs cycle intermediates were more densely connected with other metabolites in SG than in FG, as gauged by the number of connecting edges. This suggested a comparative metabolic limitation to cellular carbon flow in SG that impinged upon the Krebs cycle (see further discussion below). Amino acids also exhibited contrasting patterns in the two genotypes. While Ser, Thr, Asp, Glu and Asn correlated positively with flavonoids and hydroxycinnamates in FG, only Asn correlated positively in SG (Figure 4a vs b) . Flavonoids and hydroxycinnamates correlated negatively with precursor Phe in both genotypes, but only significantly so in SG. The nitrogenous monoamine PEA was conspicuous in that it occurred exclusively in SG. It also exhibited a comparatively dense connectivity with several metabolites, which supports the notion of its strong integration with other aspects of cellular metabolism (Figure 4a ). Saccharic acid, Phe, quinic acid, dehydroascorbic acid, gluconic acid and myoinositol all exhibited stronger positive correlations in SG than in FG, and interestingly, all were positively correlated with PEA in SG (Figure 4a ). Among the major sugars, glucose and fructose showed weakly negative correlations with the flavonoids in both SG and FG. However, sucrose correlated negatively only in SG (see Figure S1 available as Supplementary Data at Tree Physiology Online). The genotypic contrasts between Krebs cycle intermediates, amino acids, PEA, sugars and flavonoids pointed to the need for closer examination of these primary metabolites as determinants of sink organ strength that interface with CT accrual.
Amino acid metabolism was comparatively C-limited in SG leaves
Relative abundances of Asp, Glu and their respective amides, Asn and Gln, were compared in order to assess whether amino acid metabolism reflected differing C availability in developing leaves of SG and FG plants (Figure 5a-d) . These four amino acids were selected for further analysis because they are relatively abundant in the tissues in which they occur, and because their relative abundances inform on C availability for N assimilation and utilization. The amide forms have lower C : N ratios than the cognate amino acids, and the amide : amine ratio is expected to be higher in C-limited sink organs (Lam et al. 1996) . Overall, apical concentrations of the four amino acids trended higher, though not always significantly, in FG than in SG under N+ conditions ( Figure 5 ). Asn was more abundant in the apex than in expanding leaves, regardless of genotype or N regime (Figure 5a ). Asn is derived from the amide Gln, which in turn exhibited lower abundance at the apex than in the expanding leaves. N− treatment decreased amino acid concentrations at the apex, especially of Asn, which became significantly lower in FG than in SG (Figure 5a ). In expanding leaves, the declines of the four amino acids during low-N fertigation were sharpest in FG, down to levels that were significantly lower than in SG in all cases (Figure 5a ). Asn levels actually increased significantly in SG under N−. As a result, the ratio of amide to cognate amino acid was several-fold higher in SG than in FG after the low N treatment in each of the leaves along the expansion gradient Condensed tannin sink strength 1245 that we analyzed (Figure 5e ). In general, the comparatively high levels of these central amino acids in young, N-limited SG leaves were accompanied by comparatively low sucrose and glucose levels ( Figure 3) . The results were consistent, not with restricted N supply to the expanding leaves of SG plants, but rather with a C-limited utilization of N in expanding leaves of SG relative to FG plants.
α-Ketoglutaric acid was comparatively depleted in SG leaves
Nitrogen assimilation and utilization as well as flavonoid biosynthesis are coupled with the availability of Krebs cycle intermediates. Certain flavonoid biosynthetic steps are mediated by dioxygenases, which utilize the Krebs cycle intermediate α-ketoglutaric acid as a co-factor and release succinic acid (and CO 2 ) as products. In addition, α-ketoglutaric acid is central to amino acid metabolism. An inspection of the relative levels of Krebs organic acids was therefore expected to shed light on the interface of flavonoid with amino acid metabolism in FG and SG leaves. Differences between the two genotypes can be inferred from the heatmap of SG : FG abundance ratios from early Krebs intermediates (left) to late intermediates (right) (Figure 6a ). In apical and expanding leaves of N+ plants, α-ketoglutaric acid and late pathway intermediates (fumaric and malic acids) were depleted in SG when compared with FG, while early intermediates citric and aconitic acids were either not depleted, or were more abundant in SG. The mid-pathway intermediate succinic acid was less depleted than α-ketoglutaric acid or the late pathway intermediates. A similar pattern was observed in N− plants, with the exception that fumaric acid was not as depleted, compared with FG, as it was in leaves of N+ plants. To more closely assess the likelihood of a link with CT accrual, the ratio of citric acid to α-ketoglutaric acid was calculated for each leaf position along the developmental gradients of the two genotypes (Figure 6b ). The ratio was consistently several-fold higher in apical and expanding leaves of SG than of FG plants ( Figure 6b ). Under N− conditions, this ratio increased approximately threefold in apical leaves of SG, and exhibited large increases in expanding leaves even though ratios were already comparatively high in N+ plants. In summary, the Krebs cycle intermediates exhibited the greatest comparative depletion in SG leaves. The smaller depletion of succinic acid among the late pathway steps is consistent with a comparatively high rate of α-ketoglutaric acid utilization for flavonoid/CT biosynthesis in SG. Because α-ketoglutaric acid is central to re-assimilation of ammonia via the GOGAT steps of Glu and Gln metabolism, the findings also suggest one mechanism by which CT synthesis may directly interfere with ammonia recovery and amino acid metabolism. 
PEA reflects altered shikimic pathway flux and labile N fate in SG leaves
Phenylethylamine is nitrogenous, which means that its abundance in SG leaves as depicted in Figure 2 represents a loss of labile, assimilated N with potential consequences to central metabolism. Phenylethylamine has also been reported upon in the context of CT biosynthesis (Horbowicz et al. 2011) . It was therefore of interest to ascertain the metabolic basis for the relative abundance of PEA in SG leaves. Much of the carbon that is destined for phenylpropanoid and flavonoid metabolism in Populus passes through the quinic-shikimic acid pathway upstream of PEA. Quinic acid constituted one of the largest peaks observed in SG or FG leaf profiles. Quinic acid and several of its downstream products, including PEA and the phenylpropanoids, p-coumaric, caffeic and isoferulic acids, were more abundant in apical and expanding leaves of SG than FG (Figure 2) . Together, Phe-derived PEA and Phe comprised a relatively large commitment of labile N to secondary metabolism in SG leaves (Figure 2) . Interestingly, the ratio of quinate : shikimate (Q/S) was greater in apical leaves of SG (25 : 1) than FG (4 : 1) plants. The genotypic difference in the Q/S ratio decreased as leaves expanded, but continued to reflect both a lower steady-state level of shikimic acid in SG than in FG leaves, and a higher steady-state level of the shikimic acid precursor quinic acid (Figure 2) . To obtain an independent line of support that Q/S was relevant to PEA synthesis, metabolites were extracted from partially expanded leaves of six closely related P. fremontii × angustifolia lines maintained in a common garden adjacent to the greenhouse. Phenylethylamine levels correlated positively with Q/S across genotypes as shown in Figure S2A (available as Supplementary Data at Tree Physiology Online). A less striking, though positive, relationship between PEA and CT accrual across the six genotypes was also observed (see Figure S2B available as Supplementary Data at Tree Physiology Online). Thus, the available metabolite data were consistent with an enhanced utilization of shikimate in SG sink leaves that may have contributed to high rates of PEA and CT accrual. Questions pertaining to the possible cause of the altered shikimate pathway flux were addressed via gene expression analysis.
Identification of gene clusters associated with leaf CT abundance
RNA samples from LPI-2 and LPI-5 of SG and FG plants under N+ and N-conditions were subjected to Affymetrix microarray analysis. A total of 6495 non-redundant, differentially expressed genes were subjected to eigengene weighted correlation network analysis (see Materials and methods). Pairwise comparisons of SG versus FG were carried out with multiple testing corrections . For each leaf age × N treatment combination, ~1200-1500 genes exhibited significant transcript level differences between SG and FG that were greater than twofold (see Figure S3 available as Supplementary Data at Tree Physiology Online). Examination of the gene lists led to a focus on nearly 30 genes related to glycolysis, Krebs cycle and flavonoid biosynthesis pathways, the majority of which were more highly expressed in SG compared with FG ( Figure 7 ). The N effects on transcription of these genes varied by leaf age in both genotypes. Whereas many genes from the panel were slightly up-regulated by N− stress in LPI-2, enolase, at a potentially rate-limiting step of glycolysis, was slightly down-regulated. In comparing the N responses at LPI-5, more genes were upregulated by N− in SG than in FG, but another potentially ratelimiting step at PGM was down-regulated in SG (Figure 7) . In both clones, transcript levels were higher in LPI-2 than in LPI-5, consistent with a developmental decrease of glycolysis and flavonoid pathway activities as leaves neared full expansion and CT accrual slowed.
Condensed tannin sink strength 1247 Among those with the most striking genotypic differences in expression were several genes encoding dioxygenases that utilize α-ketoglutarate for the biosynthesis of flavonoids. Transcript levels of the R2R3 MYB134 known to stimulate CT accrual in Populus (Mellway et al. 2009 ) were several-fold greater in SG than in FG leaves, as were those of two putative Tyr decarboxylase (TD) genes of possible relevance to PEA biosynthesis (Figure 7) . Chloroplast import of the glycolysis product phosphoenolpyruvate (PEP) is mediated by the plastid translocator (PEP-Tr), which was comparatively up-regulated in SG. Phosphoenolpyruvate is utilized for the conversion of shikimic acid to downstream intermediates from which Phe and PEA are derived (Levin and Sprinson 1964) . Phenylethylamine can support FAD-dependent, peroxide-mediated, cross-linking activities (Tipton et al. 2004) . Consistent with SG-specific PEA accrual, three oxidases exhibited several-fold higher transcript levels in SG than in FG leaves, and according to the available annotation, at least one (Ptp.3147.2.S1_a_at) may utilize amines (Figure 7 ). Transcript levels of ATP-citrate lyase and acetyl CoA carboxylase, both essential for the supply of carbon skeletons for flavonoid biosynthesis, were also very sharply elevated in SG leaves. As illustrated in the integrative pathway scheme (Figure 8 ), the gene expression patterns were consistent with enhanced glycolytic flux and downstream provisioning of the Krebs cycle in SG compared with FG leaves, and also with increased flavonoid demand for acetyl-CoA and α-ketoglutaric acid in SG.
Discussion
CT accrual influenced C distribution between sink organs and metabolite pools
This report combines omics approaches as well as growth and compositional analyses to address whether CT accrual in poplar leaves merely reflects (Hypothesis 1) or potentially controls (Hypothesis 2) the distribution of C and nutrients between competing sink organs, such as expanding leaves and their proximate stem internodes. Although both CTs and PGs are magnitudinally important C sinks, CTs were more clearly associated with reduced growth and altered primary metabolism of various P. fremontii × angustifolia backcross lines in earlier studies (Harding et al. 2005 . A short synopsis of the present work is that there was a C limitation of central (amino acid and Krebs cycle) metabolism, and a reduced ability to sustain organ sink strength in expanding, high-CT leaves of SG plants (Figures 2 and 4-6) . Together with the comparatively low source leaf total N contents, the pathway data argue that CT accrual ultimately compromised N use in young SG leaves. In addition, loss of labile N via PEA synthesis appears to be coupled with CT accrual (see Figure S2 available as Supplementary Data at Tree Physiology Online and further discussion below). Higher starch abundance in SG source leaves along with lower glucose and CT levels suggest that a C limitation was sustained in maturing leaves, comparatively speaking, by inherently low starch turnover rather than by continued CT accrual. During N− stress, when the metabolic effects of CT accrual became more severe in the SG sink leaves (and sink strength weakened), stem internodes benefitted as the proximate C and N sinks, and they accrued PG as GNB would predict for a situation where the nutrient stress was moderate. Although source leaf glucose levels increased in N− plants, and glucose or its product sucrose was presumably available for export, PG only increased in the sink organs that did not exhibit large CT pools (stems instead of HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; FBA, fructose-bisphosphate aldolase; TIP, triose phosphate isomerase; GPD, glyceraldehyde-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; EN, enolase; PK, pyruvate kinase; PEP-Tr, phosphoenolpyruvate translocator; PDC, pyruvate dehydrogenase complex; ATP-CL, ATP-dependent citric acid lyase; ACC, acetyl-CoA carboxylase; Asn, asparagine; Asp, aspartic acid; TD, tyrosine/phenylalanine decarboxylase; PAL, phenylalanine ammonialyase; C4H, cinnamic acid hydroxylase; 4CL, 4-coumaric acid CoAligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-hydroxylase, F3′H, flavanone-3′-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase; CTs, condensed tannins. expanding leaves). Thus, the N− data are consistent with the conditional manifestation of an inherently negative effect of CT accrual on organ sink strength in developing leaves that would result in a C gain by competing low-CT sinks (e.g., stem).
Condensed tannin and PG were both large carbon sinks in SG, but CT accrual appeared to be more efficient than PG accrual for suppressing leaf expansion. The transcriptome analysis suggests that enhanced glycolysis in the younger SG leaves was associated with the recruitment of acetate groups required for flavonoid biosynthesis (see Discussion). Assuming a higher glycolytic flux in SG than in FG based on gene transcript levels, glycolysis appears to have stimulated C flow through shikimic acid with enhanced PEA production as one outcome. The assessment that the shikimic acid pathway activity was linked to PEA production was well supported by data from six genotypes (see Figure S2 available as Supplementary Data at Tree Physiology Online). Production of PEA effectively syphoned metabolic N away from amino acid production. Finally, flavonoid synthesis sequesters α-ketoglutaric acid away from the GOGAT steps mediating re-assimilation of ammonia. As a result, recovery of ammonia in the event of PEA turnover would be impaired. Together with reduced starch utilization in SG source leaves, inherently strong transcriptional activation of CT accrual in the SG sink leaves was consistent with maintenance of a slowgrowth phenotype adapted to harsh environments as previously described for the SG genotype ).
Glycolysis as a possible link to PEA accrual and slower growth
Several glycolytic pathway genes were constitutively more highly expressed in SG than FG leaves, and those included phosphofructokinase (PFK), fructose bisphosphate aldolase (FBA), enolase and pyruvate kinase (Figures 7 and 8 ). Flux control of glycolysis depends on a number of regulatory factors besides gene transcription, and therefore, it was not surprising that only a subset of the pathway steps exhibited an expression response. In a relevant case, flux through the glycolytic pathway was enhanced in rice infected with sheath blight, and only a limited suite of five late-glycolysis pathway genes was up-regulated (Mutuku and Nose 2012) . It is generally considered that acetylCoA produced immediately downstream of glycolysis can negatively regulate pyruvate kinase and glycolysis (Plaxton 1996) . In the case of the SG plants, elevated ATP-citrate lyase (ATP-CL) and acetyl-CoA carboxylase (ACC) transcript levels, and strong flavonoid pathway demand for acetyl-CoA are all consistent with rapid turnover and utilization of acetyl-CoA (Figures 7 and 8 ). This pattern, along with the relatively low levels of malonic acid in SG leaves, further supported the notion of high demand for acetyl-CoA by the flavonoid pathway (Fatland et al. 2005) for CT synthesis. Constitutively high transcription of these genes is also consistent with the potential for enhanced production of other glycolytic products, including PEP.
Phosphoenolpyruvate from glycolysis is imported into the chloroplast and utilized both to initiate the shikimic acid pathway and to convert shikimic acid to chorismic acid via enolpyruvyl shikimate-3-phosphate synthase (Levin and Sprinson 1964 , Fischer et al. 1997 , Streatfield et al. 1999 . In addition to the expression evidence in support of enhanced glycolysis pathway activity, transcript levels of a plastid PEP translocator (PEP-Tr) were also elevated in SG leaves (Figure 7) . Phe, an aromatic amino acid end product of the shikimic acid pathway, is normally deaminated by Phe ammonia lyase (PAL) to initiate the phenylpropanoid pathway in Populus (Tsai et al. 2006) . However, Phe can be decarboxylated to yield PEA in alkaloid-forming Solanaceous species, and its relationship to alkaloid and phenylpropanoid metabolism has received attention (Kawano et al. 2000 , Niehl et al. 2006 , Tieman et al. 2006 , Horbowicz et al. 2011 . In those species, PEA degradation mediated by phenylacetaldehyde synthase contributes to the production of volatiles (Kawano et al. 2000 , Tieman et al. 2006 . The occurrence of PEA in Populus leaves has not been reported to our knowledge, but expression of TD to support the decarboxylation of Phe was stronger in SG than FG leaves (Figure 7 ). Correlation evidence from six hybrid genotypes was offered in support of the idea that there was a metabolic relationship between PEA and the quinate-shikimate ratio, and that it could have ramifications for CT accrual (see Figure S2 available as Supplementary Data at Tree Physiology Online).
A PEA model for enhanced CT accrual
A scenario is proposed that couples PEA and CT accrual with a central theme of increased glycolysis due to high demand for acetyl-CoA by CT biosynthesis in SG leaves (Figure 8 ). Phenylethylamine exhibited a strong negative correlation with the CT precursor catechin, and strong positive correlations with gluconic and saccharic acids, both by-products of hexose oxidation (see Figure S4 available as Supplementary Data at Tree Physiology Online). The dicarboxylate saccharic acid is more oxidized than the monocarboxylate gluconic acid, and was more abundant in SG than in FG leaves (Figure 2) . Therefore, PEA appeared to be associated with a more oxidative environment. We speculate that PEA can support peroxide-mediated cross-linking activities because its utilization by the appropriate oxidase results in the production of hydrogen peroxide (Tipton et al. 2004) . Three candidate oxidases, each with sharply elevated transcript levels in SG leaves, were found ( Figure 7) . We therefore suggest that PEA-dependent, peroxide-mediated, CT polymerization can occur at the expense of catechin. To date, only a laccase has been identified to mediate CT polymerization (Pourcel et al. 2005 ). However, no laccase genes were substantially up-regulated in SG compared with FG (data not shown). Lignin polymerization is mediated both by peroxidases and laccases (Boerjan et al. 2003) , and peroxides also mediate cell wall stiffening via phenolic cross-linkages (Schopfer 1996) .
Condensed tannin sink strength 1249
Downloaded from https://academic.oup.com/treephys/article-abstract/34/11/1240/1677590 by guest on 07 January 2019 Therefore, it seems reasonable to suggest that CT polymerization is mediated by multiple pathways as well, perhaps garnered from distinct phylogenetic backgrounds. Varying effects of methyl-jasmonate, PEA and Phe on anthocyanin accumulation, and in a less-specific manner, on the control of CT biosynthesis in an in situ buckwheat hypocotyl feeding system have been reported (Horbowicz et al. 2011) . Feedback loops, both positive and negative, comprising methyl jasmonate, flavonoid intermediates, PEA and CT have been posited (Mellway et al. 2009 , Horbowicz et al. 2011 , Pourcel et al. 2013 ). In the context of such feedback regulation, PEA in its proposed capacity to mediate the polymerization of flavonoid end-products would stimulate flavonoid pathway flux and C demand (Figure 8 ).
Conclusions
The contribution of PEA or other alkaloids to CT accrual, growth, defense and plasticity of Populus has not been reported on. Against that backdrop, we now posit that PEA may contribute in vivo to CT sink strength in Populus by promoting polymerization of flavonoid CT precursors. The findings point to the importance of genetically canalized traits that control the utilization of C for secondary metabolism within sink organs like expanding leaves. In CT-abundant sink organs, sequestration of sugars from other important C sinks, including amino acid metabolism, ultimately affects organ sink strength as well as resource competition between proximate organs. The functional association of enhanced glycolysis with CT accrual provides a metabolic basis for positing that CT accrual in sink leaves can affect both chemical defense and growth rate in Populus. This, along with starch turnover traits, could contribute to the sustainability of hybridizing populations comprising both slow-and fast-growing genotypes suited to environmental gradients that span habitat extremes.
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